The enantioselective syntheses of both the enantiomeric forms of the four natural tetralones 1a-d are here described. The aforementioned trinorsesquiterpenes were prepared starting either from substituted (S)-3-arylbutanols 5a-c or from substituted (S)-2-arylpropanols 7a-c. The latter chiral building blocks were in turn obtained through two different kinds of enzymatic transformations consisting of the baker's yeast mediated reduction of substituted (E)-3-aryl-but-2-enals 4a-c and the lipase-mediated resolution of racemic 2-arylpropanols 7a-c, respectively. Further key steps of the presented syntheses were C 1 and C 2 homologation procedures as well as the ring closure of the substituted 4-aryl-pentanoic acids 3a-c. By these means the target compounds were obtained in good yields and with very high stereoisomeric purity. In addition, the trinorsesquiterpene schiffnerone-B was synthesized for the first time and its absolute configuration was unambiguously assigned.
The natural tetralones showing the general framework 1 (Figure 1 ) occur in different species ranging from higher plants to liverworts. Their biogenetic origin is not univocal. Due to the high reactivity of the isopropyl-linked benzylic position, the oxidative degradation of the cadinane sesquiterpenes is the most likely pathway. However, a two steps process, involving the oxidative degradation of the bisabolane sesquiterpenes, followed by cyclisation, is also possible. In addition, the simultaneous occurrence of different stereoisomeric forms of the sesquiterpene precursors in the same plant makes uncertain any stereochemical correlation between the tetralones and their parent homologues. For these reasons the assignation of the absolute configuration to these natural tetralones is often tricky and the chemical correlation or the enantioselective synthesis still remain the best ways to achieve this goal. In the present work we focused our attention on the tetralones 1a-d ( Figure 2 ) whose relevance concerns both their significance as natural products and their potential use as synthetic building blocks [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . For example, the simplest member of this group, the tetralone 1a, was first reported to be a constituent of lavender oil [1] ; then the (R)-isomer was isolated from Cyperus rotundus [2] , the (S)-isomer from Siparuna macrotepala [3] , and the racemic 1a from the liverwort Jungermannia truncata [4] . Concurrently, enantiopure ()-1a was used as the chiral building block for the synthesis of both the sesquiterpene (S)-ar-himachalene [5] and the diterpene (+)-erogorgiaene [6] , whereas (+)-1a was the key intermediate in the preparation of enantiopure (+)-laevigatin [7] . Similarly, the tetralones aristelegone-A and aristelegone-B were isolated from the root and stem of Aristolochia elegants [8] . A few years later, other authors synthesized stereoselectively the methyl ether of (+)-1b and used it in the first enantioselective preparation of the sesquiterpenes ()-heritol [9] and (+)multisianthol [10] . Completely different is the case of the tetralone schiffnerone-B, which was isolated only from the wood of Dysoxylum schiffneri [11] and neither its absolute configuration nor its stereoselective synthesis were reported until now.
From a preparative standpoint, all the tetralones described could share the same synthetic approach. According to our retrosynthetic analysis ( Figure 3 ), natural products of type 1 could be obtained from the corresponding intermediates 2 by eventual removal of protective groups (e.g. demethylation of phenol methyl ethers) or by selective oxidation of the reactive methylenic position 2. The most obvious precursors of the aforementioned compounds are the open chain acids of type 3, which could give the wanted tetralone framework through an intramolecular Friedel-Craft reaction. Therefore, the pivotal aim returns to be the enantioselective preparation of the compounds 3, whose main synthetic difficulty lies in the construction of the benzylic stereocenter.
864 Natural Product Communications Vol. 8 (7) We have already faced a similar problem in the course of the stereoselective synthesis of the bisabolane sesquiterpenes. More particularly, we discovered that baker's yeast-mediated reduction of 3-aryl(cyclohexenyl)-(E)-but-2-enals affords (S)-3aryl(cyclohexenyl)-butanols [12] [13] [14] in very high enantioselectivity.
On the other hand, we found that PPL-lipase catalyses the acetylation of substituted 2-aryl(cyclohexenyl)-propanols to give, enantioselectively, the corresponding (S)-acetates [15] [16] [17] [18] . Actually, the aforementioned compounds show opposite absolute configuration than those possessed by the synthons achieved by bioreduction.
We envisaged that the combined use of the compounds (S)-5a-c and (S)-7a-c, obtained either from aldehydes 4a-c or racemic alcohols 7a-c, respectively could give access to both enantiomers of acids 3a-c and consequently to any of the specific stereoisomeric forms of the tetralones 1 (Figure 4 ). Hence, we devised the C 1 and C 2 homologation processes that allow the preparation of acids (S)-and (R)-3a-c from the aforementioned chiral synthons. Accordingly, alcohols (S)-5a-c were transformed into the corresponding tosylate, following by displacement with sodium cyanide in DMSO. The obtained nitriles (S)-6a-c were then hydrolyzed by treatment with a refluxing solution of sodium hydroxide in glycol/water to give the wanted acids (S)-3a-c.
Otherwise, the sodium salt of diethylmalonate was alkylated with the mesylates of the 2-arylpropanols (S)-7a-c. The obtained diesters were not isolated and were hydrolyzed by mean of aqueous sodium hydroxide. Acidification and heating led to carbon dioxide evolution to give the C 2 homologated acids (R)-3a-c. All the described transformations proceed in high yield and complete chemoselectivity with a single noteworthy exception.
Alkylation of the mesylate of alcohol 7c gave acid 3c containing a regioisomer (10-15%) showing the methyl group shifted to the homobenzylic position. This impurity could not be separated by chromatography. Therefore, we decided to prepare (R)-3c also by an alternative procedure involving the transformation of (S)-7c into the homologated nitrile [15, 19] , which was in turn converted into alcohol (R)-5c. The latter alcohol was then C 1 homologated in compliance with the same procedure used for (S)-5c (see experimental section).
With these chiral building blocks in hand, we looked for an effective and regioselective cyclisation process.
It was previously demonstrated [7] that the mixed trifluoroacetic anhydride of the acid 3a smoothly undergoes intramolecolar Friedel-Crafts reaction at room temperature. Accordingly, treatment of both acid (S)-(+)-and (R)-()-3a with trifluoroacetic anhydride in trifluoroacetic acid gave (S)-()-and (R)-(+)-4,7-dimethyl-3,4dihydronaphthalen-1(2H)-one 1a, respectively in very good yields
d, e, f , g 78-80%
Yeast-mediated reduction Lipase-mediated resolution; E>21 ( Figure 5 ). Noteworthy was that the optical rotation value measured for the synthetic (S)-()-1a is higher than that reported for the extracted tetralone, clearly indicating that the latter product occurs in nature with low optical purity.
Rewarded by the results achieved with the above described cyclisation method, we applied this procedure using acids 3b and 3c as starting materials.
Synthesis of norsesquiterpene tetralones
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Unfortunately, we obtained unsatisfactory results with both substrates and we decided to switch to the classic synthetic conditions of the Friedel-Craft reaction. Hence, acids (R)-()-3b and (S)-()-3c were treated with oxalyl chloride and catalytic DMF to give the corresponding acyl chlorides, which readily cyclized in the presence of aluminum trichloride to afford the tetralones (R)-(+)-2b and (S)-()-2c, respectively.
The obtained compounds turned out to be chemically stable crystalline compounds as well as useful intermediates in the synthesis of the natural phenolic tetralones.
Indeed, the methyl ether (R)-(+)-2b was treated with an excess of sodium ethanethiolate in refluxing DMF [20] to give, in good yield, the deprotected phenol (R)-(+)-1b (aristelegone-A) whose spectroscopic data and optical rotation value were in very good agreement with those reported for the natural compound [8] . The same intermediate (R)-(+)-2b was oxidized with iodobenzene diacetate [21] to afford diastereoselectively the (2S,4R)-hydroxytetralone 1d (aristelegone-B). Also for this compound, our chemical characterization agrees both with that described for the synthetic racemic material [21] and with that reported for the natural compound [8] . Unfortunately, the latter study indicated neither the sign nor the value of the aristelegone-B optical rotation, thus leaving some extent of ambiguity about its absolute configuration. Finally, in order to prepare the natural tetralone schiffnerone-B, we tried the demethylation of the tetralone 2c. The use of sodium ethanethiolate in refluxing DMF gave disappointing results, whereas boron tribromide [22] turned out to be the reagent of choice for this kind of transformation. Accordingly, (S)-()-2c was treated with BBr 3 in CH 2 Cl 2 to afford (S)-()-1c (schiffnerone-B) in good yield. The latter compound showed spectroscopic data consistent with those recorded for the extracted product [11] , thus allowing unambiguous confirmation of the chemical structure assigned to the natural product. Unfortunately, due to the very minute amount of the tetralone isolated from Dysoxylum schiffneri, the optical rotation value of the same was not measured. Thus, although we were able to assign the absolute configuration to schiffnerone-B the determination of which enantiomer occurs in nature is still lacking.
In conclusion, we have developed a simple and reliable synthetic path to both enantiomeric forms of the most common trinorsesquiterpene tetralones of type 1. The method is stereodivergent, being based on two different chemo-enzymatic approaches affording ether (S)-or (R)-1. The target compounds were obtained in high enantiomeric purity and in good yields through the use of simple chemical transformations. By these means, we prepared the naturally occurring enantiomeric forms of 4,7-dimethyl-3,4-dihydronaphthalen-1(2H)-one (1a) and aristelegone-A (1b). In addition, we here present the first stereoselective syntheses of ()-aristelegone-B (1d) and ()schiffnerone-B (1c).
As a final point, the structure and the natural occurrence of the latter compound were confirmed and its absolute configuration assigned.
Experimental
General: All moisture-sensitive reactions were carried out under a static atmosphere of nitrogen. All reagents were of commercial quality. TLC: Merck silica gel 60 F 254 plates. Column chromatography: silica gel. GC-MS analyses: HP-6890 gas chromatograph equipped with a 5973 mass detector, using a HP-5MS column (30 m  0.25 mm, 0.25 m firm thickness;
Hewlett Packard) with the following temp. program: 60° (1 min)  6°/min  150° (1 min) 12°/min  280° (5 min); carrier gas, He; constant flow 1mL/min; split ratio, 1/30; t R given in min: t R (1a) 18 
(S)-4-p-Tolylpentanenitrile (+)-6a:
A solution of p-toluenesulfonyl chloride (2.85 g, 15 mmol) in CH 2 Cl 2 (8 mL) was added dropwise to a stirred solution of alcohol (+)-5a (1.8 g, 11 mmol) in pyridine (5 mL). After 4 h, the mixture was diluted with diethylether (100 mL) and washed in turn with 1N aq. HCl solution (100 mL), saturated NaHCO 3 solution (50 mL) and brine. The organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was dissolved in dry DMSO (30 mL) and treated with NaCN (2.5 g, 51 mmol) stirring at 80°C until the starting tosylate was no longer detectable by TLC analysis (3 h). The mixture was diluted with diethylether (100 mL) and washed in turn with water and brine. The organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was chromatographed using n-hexane/diethyl ether (95:5-9:1) as eluent to afford pure (+)-6a (1.65 g, 87% yield) as a colorless oil [α] D : +94.5 (c 2, CHCl 3 ). 1 
(S)-4-(3-Methoxy-4-methylphenyl)pentanenitrile
(+)-6b: According to the above described procedure, alcohol (+)-5b was converted into nitrile (+)-6b (90% yield). Colorless oil [α] D : +90.4 (c 2, CHCl 3 ). 1 
(S)-4-(2-Methoxy-4-methylphenyl)pentanenitrile
(+)-6c: According to the above described procedure, alcohol (+)-5c was converted into nitrile (+)-6c (92% yield). Colorless oil [α] D : +39.6 (c 2.2, CHCl 3 ). 1 H NMR, 13 C NMR, MS data in accordance with those previously reported [19] .
(S)-4-p-Tolylpentanoic acid (+)-3a:
The nitrile (+)-6a (2 g, 11.6 mmol) was refluxed with NaOH (4 g, 0.1 mol) in ethylene glycol/water 2:1 (30 mL) for 3 h. After cooling, the reaction was diluted with water and extracted with diethylether. The organic phase was discharged and the aqueous phase was acidified with 5N aq. HCl solution and extracted with CH 2 Cl 2 . Removal of the solvent in vacuo left a thick oil which was purified by chromatography using n-hexane/ethyl acetate (9:1-7:3) as eluent to afford pure (+)-3a as colourless oil (2.02 g, 91% yield). (15), 65 (6) , 51 (7) .
(S)-4-(2-Methoxy-4-methylphenyl)pentanoic
acid ()-3c: According to the above described procedure, nitrile (+)-6c was converted into acid ()-3c (93% yield). Colorless oil 
(R)-4-p-Tolylpentanoic acid ()-3a:
A cooled (0°C) and stirred solution of (S)-2-p-tolylpropan-1-ol ()-7a (2 g, 13.3 mmol) and Et 3 N (3 mL, 21.5 mmol) in CH 2 Cl 2 (30 mL) was treated dropwise with a solution of methanesulfonyl chloride (1.7 mL, 22 mmol) in CH 2 Cl 2 (5 mL). The reaction mixture was allowed to warm to room temperature in the course of 3 h then was diluted with diethylether (100 mL) and washed in turn with 1N aq. HCl solution (100 mL), saturated NaHCO 3 solution (50 mL) and brine. The organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was dissolved in dry ethanol (10 mL) and treated with a solution of sodium diethyl malonate, freshly prepared by addition of diethyl malonate (4.8 g, 30 mmol) to 30 mL of 1M NaOEt in ethanol. The resulting mixture was heated at reflux until the starting mesylate could no longer be detected by TLC analysis (6 h). A solution of NaOH (6 g, 150 mmol) in H 2 O (40 mL) was added, the reaction was refluxed for a further 4h and then poured into an ice bath and neutralized with concentrated HCl. The mixture was extracted with AcOEt (3 x 60 mL) and the organic phase dried (Na 2 SO 4 ) and concentrated under reduced pressure. The residue was heated at 140-160°C until complete evolution of CO 2 (1-2 h). After cooling, the residue was chromatographed using n-hexane/ethyl acetate (9:1--7:3) as eluent to afford pure ()-3a as colourless oil (2.05 g, 80% yield).
[α] D : -26.9 (c 2, MeOH). Lit. [23] [] D : -24.9 (c 1.75, EtOH). 1 H NMR, 13 C NMR, MS data in accordance with those reported for compound (+)-3a.
(R)-4-(3-Methoxy-4-methylphenyl)pentanoic
acid ()-3b: According to the above described procedure, alcohol ()-7b was converted into acid ()-3b (78% yield). Colorless oil [α] D : 21.0 (c 2, CHCl 3 ). Lit. [23] [] D : -22.8 (c 2, CHCl 3 ). 1 H NMR, 13 C NMR, MS data in accordance with those reported for compound (+)-3b.
(R)-4-(2-Methoxy-4-methylphenyl)pentanoic acid (+)-3c:
The above reported procedure afforded acid 3c (80% yield) containing a regioisomer impurity (14%) showing that the methyl group had shifted to the homobenzylic position. Acid (+)-3c was prepared by hydrolysis of nitrile ()-6c, which was in turn synthesized starting from alcohol ()-5c, according to the procedure described for the synthesis of the compounds (+)-3a and (+)-6a, respectively. Colorless oil [α] D : +5.1 (c 2, CHCl 3 ). Lit. [24] [] D : +3.6 (c 1.9, CHCl 3 ). 1 H NMR, 13 C NMR, MS data in accordance with those reported for compound ()-3c.
(S)-4,7-Dimethyl-3,4-dihydronaphthalen-1(2H)-one ()-1a:
Trifluoroacetic anhydride (0.6 mL, 4.3 mmol) was added dropwise at 0°C to a stirred solution of acid (+)-3a (0.65 g, 3.4 mmol) in trifluoroacetic acid (5 mL). The reaction mixture was then allowed to warm to room temperature and stirred for 3 h. The reaction was then neutralized with a saturated solution of sodium bicarbonate and extracted with diethylether (2 x 50 mL). The combined organic
